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Abstract 
A niobium-modified layer on pure titanium surface was obtained by means of double glow plasma surface alloying technique. The 
modified layer was uniform, continuous, compact and well adhered to the substrate. The niobium composition in the modified layer 
decreased gradually from the surface to the substrate. The oxidation behavior of the niobium-modified layer was investigated and com-
pared with the untreated surface at 900 ℃ for 100 h. Characterization of the layers was performed using X-ray diffraction and scanning 
electron microscope, respectively. The test results show that the oxidation behavior of pure titanium was improved by niobium alloying 
process. Niobium has a positive influence on the oxidation resistance. 
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1 Introduction* 
Titanium and its alloys are widely used as 
structural materials in the aerospace and chemical 
industries because of their high specific strength and 
excellent corrosion resistance. However, their ap-
plication is limited by its poor oxidation properties 
at elevated temperatures[1]. Of the many methods 
used to improve the oxidation resistance of titanium 
alloys, the addition of niobium has been extensively 
studied[2,3]. However, a high content of expensive 
niobium makes production of alloys very difficult 
and reduces their specific strength. Therefore, dif-
ferent surface engineering techniques have been 
developed[4]. Recently, we have tried to prepare a 
niobium-modified layer on the surface of pure tita-
nium with double glow plasma surface alloying 
technique[5,6]. This method, while keeping its 
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strengths high, can considerably cut down the 
amount of alloying element in comparison with bulk 
alloying processes. The whole process is also 
cost-effective, eco-friendly. This paper is devoted to 
the effects of the treatment on the oxidation behav-
ior of pure titanium at 900 ℃ in static air. 
2 Experimental Procedure 
The surface alloying process was performed in 
a double glow plasma surface alloying device, 
where low temperature plasma was produced by a 
glow discharge process in a vacuum sputtering 
chamber. A pure niobium plate was used as the tar-
get and pure argon as the discharge media. Glow 
discharges were ignited on the target and substrate 
heated to high temperature separately by two sets of 
DC power supply. Thus niobium particles began 
sputtering out from the target and deposit on the 
surface of substrate. The modified layer further 
formed in diffusion process. The thickness and sur-
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face composition of the niobium-modified layer 
could be controlled by adjusting the processing pa-
rameters. The substrate-specimens were made of 
pure titanium discs (12 mm in diameter and 3 mm in 
thickness). A WDL-31 photoelectric pyrometer was 
used to measure the ambient temperature. The op-
timum processing parameters are given below: 
source voltage (650-1 000 V); substrate voltage 
(360-500 V); processing temperature (1 100 ℃); 
holding time (4 h); working pressure (50 Pa); dis-
tance between the target and the substrate (16 mm). 
Oxidation tests were conducted in static air at   
900 ℃ for 100 h. The specimens in the crucibles 
were put in the furnace. And weight gains were 
measured every 5 h initially and then every 10 h 
using an electron balance. The compositions of the 
modified layers were analyzed by a glow discharge 
spectrum analyzer (GDA), and their microstructures 
studied with an image analyzer (Zeiss Axiovert 
25CA). A scanning electron microscope, equipped 
with an energy dispersive X-ray facility, was used to 
analyze the microstructures of the oxidized speci-
mens. The phase structure identification is carried 
out by D/max2500 X-ray diffraction (XRD). 
3 Results and Discussion 
3.1 Compositions and microstructures of     
niobium-modified layers 
A niobium-modified layer was formed on the 
surface of pure titanium by plasma surface alloying 
technique. The distribution of niobium element in 
the modified layer is shown in Fig.1(a), from which 
it is evident that the content of niobium in the modi-
fied layer decreases from the surface to substrate. At 
the surface, niobium content is up to about 40 wt% 
and decreases sharply to 26.36 wt% in the depth of 
about 2 µm. The atomic concentration of niobium 
element appears almost constant or declines slowly 
form 2 µm to 8 µm, but speeds up after hitting 8 µm. 
The microstructures of the niobium-modified layer 
are shown in Fig.1(b). It is also obvious that the 
modified layer is composed of an outer deposit layer 
and an inner diffusion layer of needle-like structure 
identified as β-Ti phase. The thickness and the 
composition of the uniform, continuous and dense 
niobium-modified layer are able to be controlled 
and reproduced by adjusting processing parameters. 
 
Fig.1  Composition (a) and SEM (b) of the nio-
bium-modified layer. 
3.2 Oxidation kinetics 
The oxidation kinetic curve of the pure tita-
nium and the niobium-modified layers at 900 ℃ for 
100 h in air is illustrated in Fig.2. The oxidation 
kinetic curve of the pure titanium over the whole 
period of 100 h can also be subdivided into two 
stages. The first 70 h stage could be perceived to 
follow the near-parabolic law with a subsequent 
stage the linear law having their corresponding oxi-
dation rate constants of 2.91×10-3 mg2·mm-4·s-1 
and 4.47×10-3 mg2·mm-4·s-1. The change from the 
parabolic to the linear could be attributed to the 
break-down of protective layer. By contrast, the 
oxidation kinetic curve of the niobium-modified 
layer goes by a quasi- parabolic rate law over a 
rather long period of oxidation. The parabolic rate 
constant of the alloyed titanium equals to 4.93×10-4 
mg2·mm-4·s-1 smaller than that of pure titanium even 
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during the early oxidation stage from which it is 
believed that adding niobium in pure titanium is 
quite effective to improve the oxidation resistance 
of pure titanium. 
 
Fig.2  Weight gains vs. oxidation time at 900 .℃  
Fig.3 illustrates the XRD pattern of the speci-
mens. The peaks originated from TiO2 are dominant 
in oxidized pure titanium with existence of Ti2N and 
TiN within the oxide layer, while the surface of the 
niobium-modified layer is mainly consisted of TiO2 
with small amounts of Nb2O5, TiN and Ti2N. 
 
Fig.3  XRD patterns of pure titanium (a) and the niobium- 
modified layer (b) oxidized at 900  for 100℃  h. 
3.3 Surface and cross-sectional morphology of
the oxide scales 
The SEM surface morphology of pure titanium 
and niobium-modified layer after oxidation at   
900 ℃ for 100 h are presented in Fig.4, from which 
can be observed significant differences in the 
morphology of oxide scales. In Fig.4(a), the oxide 
layer is covered with coarse grained rutile crystals 
with pores indicating a reduce in protective 
functions of the oxide scale; In contrast, Fig.4(b) 
shows small- sized and compact oxide grains, which 
sized and compact oxide grains, which consisted 
mostly of TiO2 formed on the surface of the nio-
bium-modified layer. 
 
Fig.4  Surface morphology of pure titanium (a) and the 
niobium-modified layer (b) oxidized at 900  for ℃
100 h. 
The cross-sectional morphology of pure tita-
nium and the niobium-modified layer after oxida-
tion at 900 ℃ for 100 h are shown in Fig.5(a) and 
(b), respectively. In Fig.5(a), the thick and porous 
scale has a big pore at the interface between the sub-
strate and the oxide layer. The existence of the pore 
may help oxygen rapidly penetrate into metallic 
substrate by forming micro-channels. The scale 
readily splits off the substrate without hindering the 
further oxidation. From Fig.5(b), it should be noted 
that the dense and continuous scale is well adhered 
to the substrate. 
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Fig.5  Cross-sections of pure titanium (a) and the niobium- 
modified layer (b) oxidized at 900 ℃ for 100 h. 
3.4 Effect of niobium on the oxidation behaviour 
So far, a lot of mechanisms have been pro-
posed to explain the effects of niobium on titanium 
and titanium alloys, but all of them are based on 
studies under quite different experimental condi-
tions, which include wide range of compositions, 
temperatures, and environments. All the results pub-
lished in public bear witness to positive effects of 
plasma niobium surface alloying on the oxidation 
resistance of pure titanium. However, this paper 
points out that as substitution titanium ions in the 
oxide TiO2, niobium produces beneficial doping 
effects for its higher valence state, which decreases 
the oxygen vacancies and therefore retards the dif-
fusion of oxygen. Niobium also lowers the solubil-
ity of oxygen in titanium alloys restraining the in-
ternal oxidation in them. Besides, as a diffusion bar-
rier to titanium and oxygen ions, niobium promotes 
the formation of TiN at metal/oxide interfaces. Ac-
tually these mechanisms may work simultane-
ously[6].  
4 Conclusion 
The present results show that using surface al-
loying on pure titanium is effective to improve its 
oxidation resistance at 900 ℃ in static air. The oxi-
dation rate constants of the modified layer are lower 
than that of pure titanium and its dense and con-
tinuous oxide layer is well adhered to the substrate. 
The improvement of the oxidation resistance by 
surface alloying is attributed to doping of Nb ions 
into TiO2 and the formation of nitride in the scale. 
However, the oxidation mechanism still remains to 
be investigated in detail. 
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